Objectives We assessed the use of high-resolution ultra-high-field diffusion magnetic resonance imaging (dMRI) to determine neuronal fiber orientation density functions (fODFs) throughout the human brain, including gray matter (GM), white matter (WM), and small intertwined structures in the cerebellopontine region. Materials and methods We acquired 7-T whole-brain dMRI data of 23 volunteers with 1.4-mm isotropic resolution; fODFs were estimated using constrained spherical deconvolution. Results High-resolution fODFs enabled a detailed view of the intravoxel distributions of fiber populations in the whole brain. In the brainstem region, the fODF of the extra-and intrapontine parts of the trigeminus could be resolved. Intrapontine trigeminal fiber populations were crossed in a network-like fashion by fiber populations of the surrounding cerebellopontine tracts. In cortical GM, additional evidence was found that in parts of primary somatosensory cortex, fODFs seem to be oriented less perpendicular to the cortical surface than in GM of motor, premotor, and secondary somatosensory cortices. Conclusion With 7-T MRI being introduced into clinical routine, high-resolution dMRI and derived measures such as fODFs can serve to characterize fine-scale anatomic structures as a prerequisite to detecting pathologies in GM and small or intertwined WM tracts.
Introduction
In biological tissue, the mean diffusion length of water protons provides indirect information about the microanatomy of both healthy and metabolically compromised tissue [1] [2] [3] . In routine clinical practice, diffusion-weighted magnetic resonance imaging (dMRI) is well established, especially for the early diagnosis of pathologic changes due to ischemic brain stroke [4] [5] [6] [7] [8] . Anisotropic diffusion serves to noninvasively characterize white matter (WM) tracts for presurgical planning or scientific research [9] [10] [11] [12] [13] [14] . Recently, developments in hardware, data acquisition techniques, and postprocessing algorithms [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] have been made, which improved mapping the complex neuronal connections of the human brain. These developments also enabled diffusion characteristics to be mapped not only of WM but even of gray matter (GM) or of small intertwined fiber tracts, as present in the cerebellopontine region.
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After a decade of experimental ultra-high-field MRI 7-T, MR scanners are now being introduced into clinical routine with the expectation that advantages of 7-T, such as increased signal-to-noise ratio (SNR), can help detect, e.g., smaller pathologies. Besides the inner structure of WM tracts in the cerebrum and cerebellum, the brainstem itself and respective entries and exits of the cranial nerves (CNs), in particular, are of high importance for clinicians. Recently, radiation-induced damage to the trigeminal nerve (nerve V) were found using dMRI [35] . High-resolution dMRI is required for characterization of diffusion properties of CNs, especially of the thinner CNs (such as nerves IV, IX, XI, XII), which typically exhibit an extension of only a few millimetres, and of CNs, which have a complex composition of several radixes or subnerves (such as nerves V, VII, VIII, X-XII) or of the intrapontine parts of CNs, which often cross with local brainstem fibers [35] [36] [37] [38] [39] [40] [41] . For instance, because intrapontine fibers of the trigeminal nerve exhibit similar relaxation behavior to that of the surrounding pontine fiber tracts, only direction-dependent information as provided by high-resolution dMRI can depict these different fiber distributions and their courses. Recently, Behan et al. [42] provided 3-T dMRI data of ten patients with tumors in the posterior fossa while tracking CNs V and VII/VIII with a resolution of 0.94 × 0.94 × 3 mm 3 and a diffusion weighting of b = 1000 s/mm 2 . The authors focused on comparing three different tracking algorithms-one of them based on constrained spherical deconvolution (CSD)-but did not discuss intrapontine fiber orientation characteristics. Therefore, the first goal of our study was to analyze in more detail the fODF of the trigeminal nerve in a cohort of 23 individuals using CSD [26, 27] of high-resolution 7-T dMRI.
Little is known about diffusion characteristics in GM. Diffusion imaging has been used to monitor maturing brain tissue [43] , but in vivo data of human adult GM remains limited [15, 16, 31, [44] [45] [46] [47] [48] . Cortical GM also has a more complex microarchitecture than do the relatively larger and often more homogeneous WM tracts. Many microarchitectural features (e.g., number, thickness, layer density) of GM areas vary, as seen in the differences between the primary motor cortex (M1; e.g., nearly absent layer IV) and the primary somatosensory cortex (S1; e.g., thick layer IV) [49] . Thus, our second goal was to investigate fODFs with high resolution not only in the well-known large WM tracts of the brain but also in the cortical and subcortical GM, including the midbrain and cerebellopontine hindbrain regions.
Anwander et al. [45] found evidence that in vivo human GM fibers are more radially oriented (i.e., perpendicular to the complex folded cortical surface) in the GM of M1, whereas in the GM of S1, they are more tangentially oriented to the surface. A recent high-resolution diffusion study with 0.240-mm isotropic resolution of an ex vivo specimen of the primary human visual cortex (V1) even succeeded in distinguishing layer-specific diffusion orientation characteristics [50] . Similar to the results of Anwander et al. [45] , in vivo studies by McNab et al. [44] and Calamante et al. [51] reported that M1 fibers are arranged perpendicular to the cortical surface, whereas in parts of S1, diffusion is mainly directed tangential to the cortical surface.
In this study, we performed dMRI of 23 healthy volunteers with 1.4-mm isotropic resolution, which provided a good compromise between SNR and measurement time when acquiring whole-brain data (see our pilot study [52] ). To depict fODFs within each voxel, we used CSD, taking into account that both our preliminary work [16, 53, 54] and the work of other groups [50] showed that this approach provides best results when analyzing diffusion behavior within large-and fine-scale brain structures, including those within GM and across the GM/WM borders.
Materials and methods

Participants
Twenty-three healthy adults (ten men, 13 women; mean age 27.6 ± 4.6 years) participated in this study after having given their written consent. The study was approved by the Ethics Committee of the Otto-von-Guericke-University Magdeburg in accordance with the principles of the Declaration of Helsinki.
Data acquisition
All data were acquired on a 7-T whole-body research MRI scanner (Siemens Healthcare, Erlangen, Germany) equipped with a 70-mT/m gradient coil with a slew rate of 200 T/m/s and using a 32-channel phased-array head coil (Nova Medical, USA). The protocol included a high-resolution anatomical scan [magnetization prepared rapid-acquisition gradient echo (MPRAGE)] 0.8-mm isotropic resolution covering the whole head, including the cerebellum. Diffusion-weighted MRI with 1.4-mm isotropic resolution were acquired from the whole brain in a single session per study volunteer using a prototype single-shot echo-planar imaging (EPI) sequence employing a modified Stejskal Tanner diffusion-encoding gradient scheme [2, 55] . For this study, 128 diffusionweighted data sets (b = 1000 s/mm 2 ) were acquired with different combinations of gradient directions employing the protocol design as per Caruyer (http://www.emman uelca ruyer .com/q-space -sampl ing.php) [56, 57] . The acquisition consisted of a cycle of one non-diffusion-weighted data set (b 0 map, b = 0 s/mm 2 ), followed by 16 diffusion-weighted data sets (b = 1000 s/mm 2 ). This was repeated until all 128 diffusion directions were sampled. Thus, nine non-diffusion-weighted data sets were acquired to serve for motion correction (see below), leading to a total of 137 scans for dMRI data acquisition.
Other imaging parameters were as follows: generalized autocalibrating partial parallel acquisition (GRAPPA) for parallel imaging (acceleration factor 3, partial Fourier acquisition covering 6/8 of k-space), bandwidth 1526 Hz/pixel, echo spacing 0.76 ms, TE = 73 ms, base resolution 156 × 156, 98 slices, FOV 220 × 220 mm 2 , covering the whole brain, including the cerebellum (measurement time 50 min). For comparison of the resolution (see Fig. 1 ), data of one volunteer were additionally obtained with 2-mm isotropic resolution under otherwise similar technical conditions. Fig. 1 Impact of resolution on fiber orientation density functions (fODF) in the midbrain region (images displayed in radiological convention, i.e., the left side of the image corresponds to the right side of the patient, the upper half to ventral, and the lower half to dorsal). Top row: anatomic image [magnetization prepared rapid-acquisition gradient echo (MPRAGE), 0.8-mm isotropic resolution, axial orientation] of the midbrain region for identifying the main anatomic structures. Bottom row: fODF maps of the midbrain region derived from dMRI data with 2.0-mm (a) and 1.4-mm (b) isotropic resolution [52] . Data were acquired from the same volunteer; fODF maps were overlaid onto the corresponding non-diffusion-weighted image (i.e., T2-weighted b 0 map). At 2.0-mm resolution, only a few voxels and the corresponding fiber orientation distribution within these voxels, along with overall fiber bending, are resolved. In contrast, at 1.4-mm isotropic resolution, orientations of the fiber populations can be seen with sufficient detail to distinguish between several fiber bundles crossing and bending in the brainstem (1 crus cerebri; 2 tegmentum mesencephalic; 3 decussation of superior cerebellar peduncles; 4 superior cerebellar peduncle; 5 medial longitudinal fasciculus and central grey). Colors of the fODF maps encode directions according to scanner axes left-right (x direction, red), dorsal-ventral (y direction, green), and rostrocaudal (z direction, blue). Mixed colors correspond to nonorthogonal directions. Color encoding is independent from the slice view (axial, coronal, and sagittal). The estimated partial contribution of each fiber direction is represented by the amplitude of the corresponding spherical harmonic function. The direction of the position vector of each surface point is used to assign the color to this point
Data processing
Data were postprocessed using FSL (http://fsl.fmrib .ox. ac.uk/fsl/fslwi ki) and MRtrix 3.0 (https ://www.mrtri x.org) implemented on Ubuntu LINUX (16.04 LTS). Data were corrected for eddy currents with FSL. To account for motion during the measurement, data were processed with functional magnetic resonance imaging of the brain (FMRIB's) linear registration tool (FLIRT) [58] in FSL [59] by registration of the interspersed non-diffusion-weighted images to the first reference (non-diffusion-weighted) image, resulting in eight transformation matrices. Each of the eight transformation matrices was used to realign the corresponding diffusion-weighted data sets, resulting in an overall registration of every data set to the first non-diffusion-weighted data set. The gradient vector scheme had to be adapted separately [57] using a procedure developed in-house and implemented as a UNIX bash script. CSD, diffusion tensors, fractional anisotropy (FA), and eigenvalues of the diffusion tensors were calculated using MRtrix 3.0. The MRtrix module DWI-2FOD was used for estimating the fODF. For optimum visualization of the latter, the threshold was set to 0.16 [27] . The remaining parameters were set to standard values (l max = 8, neg_lambda = 1, norm_lambda = 1; for interpretation of module DWI2FOD and parameters, see https ://mrtri x.readt hedoc s.io/en/lates t/refer ence/comma nds/dwi2f od.html) [27] . Figure 1 shows a representative example illustrating the impact of image resolution on the diffusion information. When compared with the data set acquired with an isotropic resolution of 2 mm (Fig. 1a) , data of the same volunteer acquired with an isotropic voxel size of 1.4 mm (Fig. 1b) provide many more details about crossing and bending fibers, even if they are densely interwoven (Fig. 1b, no. 3). The fibers leading toward the contralateral side of the midbrain (red) can be clearly identified by their arc-like courses: dorsal fibers bend medially to the central midbrain and traverse to the contralateral dorsal side, where they form the medial part of the superior cerebellar peduncles (Fig. 1b, . Bottom: Corresponding color-encoded fiber orientation density functions (fODF) of enlarged pons region showing the right trigeminal nerve leaving or entering, respectively, the pons, overlaid onto the non-diffusionweighted image. The blue fibers [pontine tegmentum (pt)] include descending and ascending fibers of the central tegmental tract, the medial longitudinal fasciculus, and the medial lemniscus. The large fiber bundles (yellow), which cross the fibers of the middle cerebellar peduncle (mcp) (mainly green) from ventrolateral, represent the intrapontine part of the trigeminal nerve and contain mainly sensory fibers anatomic structures. In particular, the fODFs made it possible to distinguish the intrapontine part of the trigeminal nerve when it intersects with surrounding WM parts. The trigeminal nerve itself could be detected in all volunteers (see Fig. S1 ). Mainly, extra-and intrapontine fibers of the trigeminal nerve were seen in at least two or three adjacent slices, depending on the individual anatomy and applied slice orientation (see Fig. S6 ). The roots of the left and right trigeminal nerves were for the most part located on different axial planes. Both intra-and extrapontine fibers of the trigeminal nerves could be identified by the direction of their fiber orientation (for details, see caption of Fig. 2) . Figure 3 shows the crossing of the intrapontine parts of the trigeminal nerve in another four volunteers. Despite some minor individual differences, the intrapontine trigeminal nerve fibers and the fibers forming the middle cerebellar peduncles are shown to intersect each other almost orthogonally, thereby forming a dense local network-like pattern. Figure 4 shows the anatomical localization and corresponding fODF map of the trigeminal intra-and extrapontine fibers. The intrapontine trigeminal nerve fibers can be clearly distinguished from the crossing pontine fibers running into cerebellar peduncles.
Results
The fODF may sometimes be difficult to interpret with respect to the directions of its lobes inside a voxel. However, peak vector amplitude and direction can be extracted and used to calculate angles to the respective coordinate axes or between the main directions of the fODF (peak vectors are directed from the origin of a spherical harmonic to their peak value, thus pointing to the direction of a spherical harmonic lobe). This is demonstrated in Figs. S2 and S3 for the fODF located within the blue rectangle of Fig. 4 . Amplitudes of the components represent the relative contribution of the respective fiber populations to the overall diffusion profile within the voxel. All volunteers exhibited crossing dominant lobes of the fODFs where the relative amplitude of the trigeminal part was up to twice as large as the intersecting fiber tracts. The calculated angles between main fiber components in the crossing region showed an almost orthogonal crossing of the intrapontine trigeminal nerve fiber populations with the other local fiber tracts (Figs. S1 and S2). Figure 5 illustrates some results of the fODF analysis for whole-brain data. The fODF maps allow following the orientation characteristics of fibers from cortical GM all the way down to or from subcortical areas, even throughout anatomically complex regions, such as the thalamus, midbrain, and hindbrain, as well as for following the course of fibers to/from the cerebellum. In the cerebellum, fibers connecting the two cerebellar hemispheres (red) and main fiber-forming upper, middle, and lower cerebellar peduncles (green) can be distinguished in the pontine region. The blue-encoded fibers (rostrocaudal direction) represent the crus cerebri (ventral), the medial longitudinal fasciculus, and the central tegmental tract (dorsal), respectively, followed by the spinal cord. The redencoded fibers (left-right direction) between them are the transverse pontine fibers. The superior cerebellar peduncles are seen in the large green-encoded fiber bundle (dorsal-ventral direction) extending from the pons to the cerebellum (in particular, in the sagittal view).
A closer look at the diffusion characteristics in cortical GM revealed region-dependent differences in parts of S1 and M1. As illustrated in Figs. 6 and 7, we saw a reduced proportion of radially oriented main fODF components in S1 (Brodmann areas 2 and 3) (for orientation: BA1 is located along the crown of the postcentral gyrus, BA2 in the posterior part of the postcentral gyrus that descends into the postcentral sulcus, and BA3 covers the anterior part of the postcentral gyrus that descends into the central sulcus). This supports results of McNab et al. [44] , who reported a reduced radially directed anisotropy of the neuronal fibers orthogonal to the cortical surface in S1. In our data, however, the lack of radially oriented fODF components in GM of S1 appears to be more restricted to the GM of the central part of S1, which is adjacent to the central sulcus (BA3a/b; Fig. 6, white arrow) . The medial and lateral parts of BA3 (orientation with respect to the dorsal view)-and even more so, the posterior part of S1 (BA2, adjacent to the postcentral gyrus; Fig. 6 , red arrows)-again suggest a greater proportion of radially oriented main fODF components.
Similarly, in GM of M1 (yellow arrows in Fig. 6 ) and in the premotor area (green arrows in Fig. 6 , including the (2) supplementary motor cortex), extended fiber distributions are found with one dominant radially oriented fODF lobe.
To demonstrate the complex three-dimensional fiber characteristics of the M1/S1 area, fODF maps in three orthogonal views of the M1/S1 region of one representative volunteer are displayed in Fig. 7 . In the axial (Fig. 7a) and sagittal (Fig. 7b) slice orientation, we saw no dominant radial fODF component in BA3 of S1 (white arrow). Again, the fODFs in the central part of S1 suggest dominant fiber orientations that are less perpendicular to the cortical surface, whereas main fiber orientations near the crown of S1 (BA1) and along the postcentral sulcus (BA2) seem to turn perpendicular gain to the cortical surface.
Discussion
In this study, we demonstrated that a combination of dMRI at 7-T and CSD analysis allows a detailed view of the intravoxel distributions of fiber populations in the whole brain, including cortical and subcortical GM, WM, and GM/WM transition zones. In particular, intrapontine fibers of the trigeminal nerve could be distinguished from crossing fibers of the surrounding cerebellopontine tracts. We also provided evidence that in cortical GM, the orientation of fODFs of S1 seems to be less perpendicular to the cortical surface than in GM of M1, premotor, and secondary somatosensory cortices. This is discussed now in more detail.
Trigeminal nerve
We took advantage of the increased SNR of dMRI at 7-T compared with 3-T MRI and of the potential of fODFs to resolve fine-scale structures in the brain, such as in the cerebellopontine angle. Pathological changes to the extrapontine parts of the trigeminal nerve were reported [38, 39, 41] , and the necessity of fiber-tracking its intra-and extrapontine parts was recently reported while comparing different algorithms, including CSD [42] .
Analysis of the fODF makes it possible to estimate the partial contributions and exact orientation of corresponding fiber populations (Fig. S2) in each voxel. The 
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fODF attributed here to the extrapontine trigeminal fibers exhibited only one dominant lobe that could be followed continuously when traversing the pons to the dorsal pons that was attributed to representing the intrapontine fibers of the trigeminus. These intrapontine voxels exhibited a second, nearly orthogonally directed, fODF lobe, which was interpreted as belonging to the transverse pontine fibers crossing the intrapontine trigeminal fibers and Fig. 6 Spatial distribution of fiber orientation density functions (fODF) in gray matter (GM) of the premotor, motor, and somatosensory cortices. Color-encoded fODF map overlaid on a T2-weighted image (without diffusion weighting, 1.4-mm isotropic resolution). With the exception of in the central parts of the primary somatosensory cortex (S1, BA3a/b, white arrow), fODF distributions in parts of the cortical GM suggest an orientation predominantly perpendicular to the cortical surface (called radial fiber orientation). In addition to the GM of the primary motor cortex (M1; yellow arrows), the GM of the premotor region (BA6, BA8; anterior to M1, green arrows), the posterior part of S1 (BA2; adjacent to the postcentral gyrus, red arrows), and the secondary somatosensory cortices (BA5, BA7; posterior to S1) exhibit a mostly radial orientation of the dominant fODF lobe Fig. 7 Three orthogonal views of the right primary motor (M1) and somatosensory regions (S1). Axial (a), sagittal (b), and coronal (c) views of color-encoded fiber orientation density functions (fODF) maps overlaid onto the corresponding non-diffusion-weighted image data (1.4-mm isotropic resolution). White-matter (WM) tracts in the depicted parts of M1 and S1 are predominantly oriented in rostrocaudal direction (blue to violet). The fODF in the central part of S1 (BA3) suggests fewer radially oriented main fODF components (a, b, white arrows) than in M1 (yellow arrows) turning into the middle cerebral peduncle. Thus, we show here using noninvasive in vivo imaging how intrapontine trigeminal nerve fibers cross with other fiber populations connecting the pons with the cerebellar peduncles. In particular, the course of intrapontine fibers seen in our images fits well with the anatomy of the thick sensory fibers from the Radix sensoria, conveying epicritic and proprioceptive information to the principal and mesencephalic trigeminal nuclei located dorsal and only slightly caudal to the point where the trigeminal nerve enters/ leaves the pons. These intrapontine fibers might also comprise the thick motor fibers from the neighboring trigeminal motor nucleus, which initially traverse together with fibers from the mesencephalic trigeminal nucleus as tractus mesencephalicus and later form the Radix motoria. We could not unequivocally distinguish the thin sensory fibers of the tractus spinalis nervi trigemini (protopathic sensibility) that bend toward the more caudally located spinal trigeminal nucleus.
The diffusion properties of the trigeminal nerve and other CNs can serve to help detect neuronal pathologies due to virus-induced inflammation or radiotherapy [35-38, 40, 41] . Future studies will show whether this is also applicable to other pathologic processes, such as multiple sclerosis. The techniques described in our study may even add more information concerning fine-scale lesions following trauma, thereby making it possible to distinguish between external and internal CN lesions and fiber lesions of local brainstem tissue.
Spatial high-resolution dMRI can also serve to track the course of CNs: Behan et al. [42] reported 3-T MRI data of ten patients with posterior fossa tumors where the CNs V (trigeminus) and VII/VIII (facial/vestibular complex) were tracked with a resolution of 0.94 × 0.94 × 3.0 mm 3 and diffusion weighting of b = 1000 s/mm 2 . They compared three tracking algorithms (one based on CSD) focusing on results of fiber tracking algorithms. Orientation characteristics of intrapontine fODFs were not further discussed. However, our data, with lower in-plane (1.4 mm 2 ) but higher through-plane resolution of 1.4 mm and good SNR at 7 T, enabled intrapontine trigeminal fODF characteristics to be detected in typically two to four slices in all but one volunteer. Due to this high resolution, intrapontine trigeminal fiber populations interestingly show an intertwined pattern with the surrounding WM tracts instead of forming a homogeneous bundle with only one dominant fODF component. This suggests that the intrapontine trigeminal fiber populations are interwoven with the surrounding pontine WM tracts instead of forming a solid separable fiber bundle in the pons. This fits with the well-known fact that the origin and target of trigeminus fibers lie in several pontine nuclei.
Cortical gray matter
Our study supports previous findings about local differences in diffusion anisotropy in cortical GM, such as in McNab et al. [44] , who showed that in many cortical areas, fibers are directed mainly perpendicular (radial) to the complex, three-dimensionally folded cortical surface [18, 45, 47, 51, 62, 63] . Our finding that radially oriented fODF components are lacking in the central part of S1 (BA 3a/b) but are seen in primary somatosensory areas BA 1 and BA 2 is reproducible in the orthogonal slice positions (Fig. 7) . This suggests that radially oriented fODF components are not an artefact due to projection of the fODF onto one plane. Nevertheless, it may not completely be ruled out that other factors, such as noise, may influence fODF analysis.
Pronounced radiallydirected fODF components can also be found throughout the GM of the secondary somatosensory cortex (BA5, BA7) as well as in the GM of M1 and the premotor cortex (BA6, BA8; Fig. 6 ). The varying diffusion characteristics of cortical GM most likely reflect different fiber and cytoarchitectural features of these areas. In the cortical GM, neuronal cells are embedded in a dense matrix of glial cells and vessels that build a layered structure composed of several cell types. Although the neurites run mainly perpendicular to the folded cortical surface, there are dense horizontal connections between cortical neurons (as in S1 [64] ).
In the ex vivo study of Leuze et al. [50] , micro-MRI data of a human specimen of visual cortex were acquired with an isotropic resolution of 0.242 mm. Subsequently, the derived diffusion information (including fODF) was compared with corresponding histological images. The authors succeeded in resolving the band-like tangential diffusion anisotropy of the stripe of Gennari in V1. In addition, they reported tangential structures near the cortical surface that most likely correspond to cortical long-range association fibers. Although the GM of human in vivo M1 and S1 are ~3.9 and 1.8-mm thick, respectively [49] , the cortical GM is sometimes projected obliquely onto the slices, causing an apparently larger extension of the GM (see premotor cortical areas in Fig. 5) . Interestingly, the absence of radially directed fODF peak vectors in our study is most pronounced in the central part of S1 (BA3a/b), but the fraction of radially oriented fODF peak vectors increases again in its other parts and in BA1 and BA2 (Figs. 6, 7) .
Calamante et al. [51] recently used multishell, multitissue (MSMT) CSD of 1.25-mm isotropic resolution data acquired at 3 T with increasing diffusion weighting (b = 1000, 2000, 3000 s/mm 2 ) to estimate apparent fiber densities (AFD) in a group of eight healthy individuals. The results of the MSMT-CSD-based ODF analysis were used to describe different fiber architectures of cortical GM, particularly in M1 and S1. Similar to our findings, GM in M1 was found to exhibit 1 3 a primarily radially dominant fiber orientation, whereas GM in S1 mostly shows a tangential orientation. Kleinnijenhuis et al. [63] acquired 1-mm isotropic data at 7 T with sagittal orientation in a slab centered on the interhemispheric fissure and with a diffusion weighting of b = 1000 s/mm 2 . The authors calculated a radiality measure after defining several layers in the cortical GM and the adjacent WM. They argue that radiality depends both on the position of the voxel with respect to the cortical layer and on the location of the voxel between crown, banks, and fundus of the gyrus. Radiality was largest in intermediate cortical layers located next to the crown, but not on the crown or the WM itself. Tangential tensor orientation was prominent in the deep cortical layers in the fundus. In WM, diffusion tensor orientation was radial on the crown and changed to tangential under the banks and fundus. These findings also support our results (Fig. 7) .
As stated above, the different features of the fODFs in M1 and S1 most likely reflect their microarchitectural differences. M1 contains only five clearly separable cell layers; it also contains pyramidal cells ranging from small to giant (Beetz cells). There is no clear layer IV composed of granular cells. The axons of the M1 pyramidal cells are already myelinated and converge via the corona radiata and cerebral peduncles mainly into the pyramidal tract. S1 has six distinguishable layers and thus contains many granular cells (layer IV). Tangentially oriented structures seen in layers II and IV of S1 consist of horizontal nerve fibers (band of Kaes-Bechterew, outer band of Baillarger, respectively). Tangential structures are also present on the cortical surface (Exner's stripe) and represent the long-range corticocortical connections between the supragranular layers.
The fODF maps show in detail the fine-scale fiber population orientation within the GM and across the GM/WM borders: between gyral crowns and the WM, fibers usually are straight, while the dominant fODF orientation changes at the gyral banks before forming WM tracts. With regard to the potential of high-resolution dMRI combined with fODF and the corresponding visualization of results, this represents a major step toward in vivo, high-resolution mapping of microstructural brain tissue architectures [55, 57, 65] .
Limitations and possible solutions
There are some limitations to our study. We examined a rather homogeneous group of young, healthy volunteers; including elderly people may alter some of the results. Next, despite convincing results, the analysis of fiber population directions based on anisotropic diffusion characteristics in non-WM tissue, such as the GM-which contains more diverse components (e.g., dendrites, vessels) and are thus microarchitecturally much more complex-should be approached with some caution. Thus, depending on the tissue, the term "anisotropic diffusion" may, instead, refer to varying anatomic substructures rather than to neuronal fibers only.
The applied protocol also has technical limitations. It is well known that echo-planar imaging at ultrahigh frequency (UHF) exhibits some measurement-related problems, most significantly, geometric distortions. Strong local variations in susceptibility may play a role in the frontal region (especially if an individual has large, frontal air-filled sinuses) in the lower temporal regions and at the brain base. We did correct for geometric distortion by acquiring and using one additional non-diffusion-weighted field map but refrained from using more sophisticated correction techniques, such as applying point-spread function correction [66] or acquiring additional data sets with reversed phase-encoded directions [23, 24] , because these considerably prolong acquisition and reconstruction times. The chosen resolution was also a compromise between measurement time, whole-head coverage, and image quality [52] . However, we showed in a previous study that if fewer slices in reduced volumes of interest are acquired or if clinical findings allow for limiting of data acquisition to reduce volumes of interest, then higher-resolution techniques such as zoomed imaging and partially parallel acquisition (ZOOPPA) can be applied successfully [15, 17] .
Multiband techniques, adapted pulses, and optimized acquisition schemes can reduce acquisition time even further. In the human connectome project, data acquisition in healthy volunteers was optimized for anatomic and diffusion MRI [30] [31] [32] . This made it possible to obtain 1.05-mm isotropic whole-head 7-T dMRI data in ~40 min when acquiring two different phase-encoding data sets to compensate for geometrical distortions [23] . One of the major steps toward faster data acquisition is the use of multiband dMRI [17, 22, 30, 31, 67] . There is also some debate whether 3-T MR scanners with higher gradient strengths are superior to 7-T MR scanners, given that the latter have some drawbacks, especially shortened T2 × time and higher deposition of radiofrequency (RF) energy into the tissue [specific absorption rate (SAR)]. As a consequence, quality of diffusion data was further improved within the human connectome project by combining the advantages of both 3-T and 7-T diffusion imaging.
Although we used only one diffusion-weighted data set for data processing, CSD can profit from including multiple and higher diffusion-weighted data conditions [51] . However, calculation of the apparent diffusion constant (ADC), which we used to differentiate CSF from GM voxels (Fig.  S5) , is less reliable at high b values, due to the increased influence of noise.
For postprocessing, new algorithms [25] and the use of additional tissue-characterizing data, such as susceptibilityweighted images to detect, for example, pontine nuclei [68, 69] , may improve the identification of fine-scale anatomic structures of CNs. However, the advantages of acquiring and postprocessing multishell data [56, 70] must be balanced against potential drawbacks. When examining patients, prolonged acquisition time may increase the probability of patient movements that, in turn, can diminish data quality, given that diffusion imaging is highly motion sensitive. Other constraints include limitations due to SAR as well as a small decrease in SNR for multiband techniques [30] . A thorough discussion of the different effects for 7-T diffusion imaging and the different strategies for optimization is provided by Vu et al. and Sotiropulus et al. [23, 30] . An interesting alternative strategy to increase resolution while keeping acquisition time short was demonstrated by Dyrby et al. [71] , who interpolated ex vivo dMRI data of monkey brain and clinical human dMRI data prior to fiber reconstruction. Except for tract boundaries or when strong partial volume effects were present, more details could be seen; this was validated by additional simulations.
Although the measurement time of ~50 min for the whole head may be debatable in a clinical setting, our findings may serve as a starting point for further optimization with respect to data quality and gain of diagnostic information. Data acquisition of reduced volumes of interest, as in our study, or applying simultaneous multiband acquisition techniques, will considerably shorten the acquisition time [15, 17, 22, 24, 30, 67] .
Finally, the fODF can distinguish differently oriented fiber populations within one voxel under the condition that the angle is larger than ~40° [27] . Also, partial volume effects, such as at the border between GM and cerebrospinal fluid (CSF), play a role. For example, voxels with isotropic distribution of the fODF components were differentiated as belonging to CSF by assuming their T2-weighted values or ADC values to be similar to those in Bernarding et al. [4] . CSF exhibits clearly elevated ADC values, although-due to partial volume effects with GM-they rarely reach values comparable with ~3000 mm 2 /s, as within larger CSF spaces (Fig. S5) . Thus, T2-weighted or ADC values may serve as complementary information about whether voxels belong mainly to CSF, GM, or WM or whether they represent a mixture of different tissue classes.
Conclusion
We demonstrated the feasibility of whole-brain CSD applied to UHF dMRI with 1.4-mm isotropic resolution; fODF could be determined, allowing analysis of orientations of fiber populations within cortical GM, WM, subcortical areas such as the cerebellopontine angle, and the cerebellum. In all but one volunteer, the intrapontine parts of the trigeminal nerve were identified by the direction of the main fODF lobe intersecting near-orthogonally with the main fODF lobes of the surrounding brainstem fiber tracts. Additionally, we found evidence that in parts of the primary somatosensory cortex the main component of each fODF seems to be oriented less perpendicular to the cortical surface than in GM of remaining motor, premotor, and secondary somatosensory cortices.
With 7-T MRI currently being introduced into clinical routine, high-resolution diffusion may not only characterize fine-scale anatomic structures but also provide additional evidence in small-scale pathologies of GM and WM due to traumatic, neurodegenerative, or inflammatory processes. 
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